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Abstract: Circuit-breakers (CBs) are subject to electrical stresses with restrikes during capacitor bank operation. Stresses are caused by the 
overvoltages across CBs, the interrupting currents and the rate of rise of recovery voltage (RRRV). Such electrical stresses also depend on 
the types of system grounding and the types of dielectric strength curves. The aim of this study is to demonstrate a restrike waveform 
predictive model for a SF6 CB that considered the types of system grounding: grounded and non-grounded and the computation accuracy 
comparison on the application of the cold withstand dielectric strength and the hot recovery dielectric strength curve including the POW 
(point-on-wave) recommendations to make an assessment of increasing the CB remaining life.  The simulation of SF6 CB stresses in a 
typical 400 kV system was undertaken and the results in the applications are presented. The simulated restrike waveforms produced with 
the identified features using wavelet transform can be used for restrike diagnostic algorithm development with wavelet transform to locate a 
substation with breaker restrikes. This study found that the hot withstand dielectric strength curve has less magnitude than the cold 
withstand dielectric strength curve for restrike simulation results. Computation accuracy improved with the hot withstand dielectric strength 
and POW controlled switching can increase the life for a SF6 CB. 
Key words: restrike waveform predictive model, circuit-breakers, grounded and non-grounded system, rate of rise of recovery voltage 
(RRRV), diagnostic algorithm development. 
1 INTRODUCTION 
Circuit-breakers (CBs) are subject to electrical stresses with 
restrikes during capacitor bank operation such as no-load 
transmission lines, no-load cables, capacitor banks and chopping 
currents of reactors. Breaker restrikes are a rare occurrence and the 
practical means of obtaining the restrike waveforms is to use 
analytical modelling of the power transient behaviour. After 
producing the restrike simulated waveforms with the restrike 
waveform predictive model and the network data, using ATP 
(Alternative Transient Program)-EMTP (Electro Magnetic 
Transients Program) simulations, the identified features using 
wavelet transform can be used to locate a substation with breaker 
restrikes.  The measured restriking voltage waveforms by ref. 
(Ramli, 2008) can then be modelled with point-on-wave (POW) 
recommendations to make an assessment of increasing its life. The 
motivation behind this paper is to show the restrike waveform 
predictive model using ATPDraw (Hoidalen & Prikler, 2009) for 
checking the relevant standard of compliance and producing 
restrike simulated waveform for diagnostic purposes. It will 
demonstrate POW switching for asset management application. 
The utilization of the wavelet transform for restrikes detection to 
locate a substation with breaker restrikes before any ATP-EMTP 
system studies is a novel approach in this area. 
The dielectric strength recovery characteristics are inherent to the 
CBs, and the process of recovering dielectric strength is a cold 
recovery voltage known as the cold withstand dielectric strength. 
There has been little previous research on determining an accurate 
dynamic dielectric recovery characteristic suitable for the CBs 
under consideration in previous research. To demonstrate the 
restrike waveform predictive model according to effects of 
grounding and the restrike computation  accuracy comparison 
considering the cold withstand dielectric strength curve and the 
new hot dielectric strength curve, a simple power network model is 
established including a 750 kV power source, cables, a capacitor 
bank 220 MVar 400 kV and a transmission line circuit. The 
capacitor bank is introduced in the network to simulate the stresses 
of capacitive current and predict the rare occurrence of restrikes 
respectively.  POW controlled switching is shown to reduce the 
interrupted currents, thus increasing the remaining life of a SF6 CB. 
Future site measurement results with simulation will prove this 
restrike waveform predictive model useful for prediction of the 
restriking problems in switchgears. 
2 BACKGROUND THEORY 
Capacitor banks are used to improve voltage regulation in a power 
network and reduce losses through reductions in reactive current. 
Before it is switched off, the capacitor bank is fully charged to the 
peak supply voltage. After half a cycle, the supply voltage is 
reversed thus making the voltage across the CB twice the peak 
value of supply voltage. When the CB is in a closed position, the 
load voltage is higher than the supply voltage. This leads to a 
voltage jump at the supply side of the CB resulting in a 
phenomenon called Ferranti effect. Energizing a single capacitor 
bank could generate an inrush current with a high frequency, 
causing restriking with parasitic arcing during the opening. This is 
due to the dielectric strength performance.  This has been identified 
by causes of CB failures under the reactor switching application 
using modern single-interrupter SF6 CB (Liu, Chaaraoui, Wood, 
Spencer, & Jones, 1993; Liu & Spencer, 1996). Therefore, a 
similar effect is expected for capacitor bank switching and POW 
controlled switching applied to extend the maintenance interval of 
nozzle and contact (Ito, 2007). 
Restriking in the interrupting device can greatly increase the 
recovery voltage values over those imposed on the switch if no 
restriking takes places (Johnson, Schultz, Schultz, & Shores, 1955). 
The recovery voltage shall comply with breaker rating specified by 
the requirements of IEEE Standard C37.04:1999 and IEEE 
Standard C37.09:1999 (Institute of Electrical and Electronics 
Engineers Standards Association [IEEE SA], 1999a, 1999b).  The 
Table 5, Clause 4.107.3 of AS 62271.100:2005 (Standards 
Association of Australia [SAA], 2005), is applied in systems with a 
voltage above 400 kV to check the capacitive current magnitude. 
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3 SIMULATION MODELS AND CASES 
In order to demonstrate the applicability of the performance 
comparison for the cold and hot withstand dielectric curves and the 
POW recommendation resulting from the SF6 CB operation, ATP-
EMTP simulations were performed for a simple case of a 
transmission type 1600 kVA transformer (700/400kV)  switching 
to a 400 kV transmission network.  The schematic diagram 
illustrating the case analysed is shown in Fig. 01. 
 
 
 
 
 
 
 
 
 
FIGURE 01: Case study 1600 kVA, 750/400 kV transmission 
transformer ungrounded connection 
3.1 Specification and modelling of equipment  
A simple power system is modelled using some examples from 
ATPDraw manual 5.6 (Hoidalen & Prikler, 2009).  The system 
includes a transmission line connected to an equivalent network 
through a switch. 
The method of modelling SF6 CB behaviour as a dielectric reset 
switch from (Ma, 1996) uses (1) and Fig. 02 & 03 for computation. 
For a single SF6 puffer interrupter CB, the chopping current level is 
given by the following equation: 
ich= λ√                                                                       (1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 02: Hot withstand strength dielectric curve (Kam & Ledwich, 
2009) 
 
 
 
 
 
 
 
 
 
FIGURE 03: Cold withstand strength dielectric curve (Ma, 1996) 
The transformer represented by the ATP BCTRAN model and 
surge capacitance was utilized with 0.06 nF, 0.022 µF and 0.01 µF. 
The busduct connection are L=0.05 mH and C=0.0026 µF. The 
source impedances are R= 2 Ώ and L=63.7 mH and the damping 
resistor is R = 200 Ώ The connection between the source and the 
transformer  was modelled as a short (100m) cable a transmission 
line and outgoing overhead transmission lines have been modelled 
with the frequency dependent distributed parameter model 
JMARTI. This allows an analysis of the effects of the travelling 
voltage waves along the transmission line. 
3.2 Simulation cases 
In order to simulate the stresses of a SF6 CB, a restrike waveform 
predictive model with a dielectric reset switch using the hot 
withstand dielectric strength curve and the cold withstand dielectric 
strength curve applications has been introduced. In every 
application, the simulation is carried out for a grounded and 
ungrounded connection. The three main parameters, peak voltage, 
interrupting current and rate of rise of recovery voltage (RRRV) 
are taken into account. The applications of CBs in this work are 
composed of: 
1. switching grounded capacitor bank; 
2. switching ungrounded capacitor bank; and 
3. POW Controlled switching with the optimum to minimise 
inrush current. 
3.3 Simulation conditions 
In order to simulate the restrikes for capacitor switching, the 
simulation time step and applied models must follow the relevant 
guidelines (Simka, 2010). 
The simulation time step is determined by the expected frequency f 
within the range 20 to 100 k Hz. The simulation time step can be 
determined from: 
Δt≤ 1/10*f                                                                         (2) 
The simulation time step of 1 µs is applied. 
The CB is opened at 3.563 ms within a 5 ms reignition window. 
4 SIMULATION RESULTS 
The parameters considered in the simulations are composed of 
crest voltage across CB, interrupting current and rate of rise of 
recovery voltage (RRRV) as well as the types of system grounding. 
Voltage, current and recovery voltage rise-time waveforms for 
various schemes examined are shown in Fig. 04 to 15. 
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4.1 Performance comparison for the cold and the hot 
withstand dielectric strength curves for grounded and 
non-grounded capacitor bank connection. 
 
 
 
 
 
 
 
 
FIGURE 04: Voltage across breaker (110/40/50 kV) for the cold 
withstand dielectric strength curve non-grounded connection 
 
 
 
 
 
 
 
 
FIGURE 05: Current across breaker (2000/1500/1100 A) for the cold 
withstand dielectric strength curve non-grounded connection 
 
 
 
 
 
 
 
 
FIGURE 06: TRV rise time (0.4/0.1/0.05 kV/µs) for the cold withstand 
dielectric strength curve non-grounded connection 
4.2 Cold withstand dielectric strength curve grounded 
connection; no POW 
 
 
 
 
 
 
 
 
FIGURE 07: Voltage across breaker (35/15/45 kV) for the cold 
withstand dielectric strength curve grounded connection 
 
 
 
 
 
 
 
 
 
FIGURE 08: Current across breaker (800/600/500 A) for the cold 
withstand dielectric strength curve grounded connection 
 
 
 
 
 
 
 
 
 
FIGURE 09: TRV rise time (0.13/0.08/0.1 kV/µs) for the cold withstand 
dielectric strength curve non-grounded connection 
4.3 Hot withstand dielectric strength curve grounded 
connection; no POW 
 
 
 
 
 
 
 
 
 
FIGURE 10: Voltage across breaker (45/0/28 kV) for the cold 
withstand dielectric strength curve non-grounded connection 
 
 
 
 
 
 
 
 
 
FIGURE 11: Current across breaker (80/120/200 A) for the cold 
withstand dielectric strength curve non-grounded connection 
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FIGURE 12: TRV rise time (0.9/0.4/0.7 kV/µs) for the cold withstand 
dielectric strength curve non-grounded connection; no POW 
4.4 Hot withstand dielectric strength curve grounded 
connection 
 
 
 
 
 
 
 
 
FIGURE 13: Voltage across breaker (18/16/18 kV) for the hot 
withstand dielectric strength curve non-grounded connection 
 
 
 
 
 
 
 
 
 
FIGURE 14: Current across breaker (220/100/110 A) for the hot 
withstand dielectric strength curve non-grounded connection 
 
 
 
 
 
 
 
 
 
FIGURE 15: TRV rise time (0.13/0.08/0.3 kV/µs) for the hot withstand 
dielectric strength curve non-grounded connection 
The stresses of a SF6 CB in mentioned applications concluded that: 
 Hot withstand dielectric curve gives less restrikes in terms of 
crest voltage, interrupting current and RRRV; 
 The Table 5, Clause 4.107.3 of AS 62271.100:2005, (SAA, 
2005) checked for the rated single capacitor bank breaking current 
is the maximum capacitor current that a CB is capable of 
interrupting whether at its rated voltage exceeds permissible 
switching current 400 A or not. The results are summarised in 
Tab. 01 & 02; and 
 ATPDraw is a tool to check the TRV rise-time compliance 
with AS2006-2005. 
TABLE 01: Grounded capacitor bank switching performance 
Simulation 
cases 
Cold withstand 
dielectric 
strength curve 
Hot 
withstand 
dielectric 
strength 
curve 
Average 
improvement 
accuracy 
Peak U 
(kV) 
110/40/50 35/15/45 52.5% 
Inrush 
current (A) 
2000/1500/1100 800/600/500 58.7% 
TRV 
(kV/µs) 
0.4/0.1/0.05  0.13/0.08/0.1 43.6% 
TABLE 02: Non-grounded capacitor bank switching performance 
Simulation 
cases 
Cold 
withstand 
dielectric 
strength 
curve 
Hot withstand 
dielectric 
strength 
curve 
Average 
improvement 
accuracy 
Peak U (kV) 45/0/28 18/16/18 28.7% 
Inrush 
current (A) 
80/120/240 220/100/110 2.3% 
TRV (kV/µs) 0.9/0.4/0.7 0.13/0.08/0.3 74.5% 
4.5 POW controlled switching recommendation 
The proposed POW recommendations referred to by (Dantas, 
2008) use the controlled switching to reduce the inrush current in 
order to increase CB life. The optimum point-on-wave at 
50 degrees with reference to a 0 degree supply angle is shown 
Fig. 16 to 19 and Tab. 03 & 04. 
 
 
 
 
 
 
 
 
 
FIGURE 16: Current across breaker (800/1000/1200 A) for the cold 
withstand dielectric strength curve grounded connection 
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FIGURE 17: Current across breaker (800/900/1200 A) for the hot 
withstand dielectric strength curve grounded connection 
 
 
 
 
 
 
 
 
 
 
FIGURE 18: Current across breaker (80/100/240 A) for the cold 
withstand dielectric strength curve non-grounded connection 
 
 
 
 
 
 
 
 
 
 
FIGURE 19: Current across breaker (80/100/230 A) for the hot 
withstand dielectric strength curve non-grounded connection 
TABLE 03: Inrush current (A) for grounded capacitor bank switching 
performance 
Simulation cases Cold withstand 
curve 
Hot withstand 
curve 
No POW average 
current (A) 
1533 1200 
POW average 
current (A) 
1200 633 
Interrupting current 
Improvement 
21.7% 47.25% 
TABLE 04: Inrush current (A) for non-grounded capacitor bank 
switching performance 
Simulation cases Cold withstand 
curve 
Hot withstand 
curve 
No POW average 
current (A) 
146 143 
POW average current 
(A) 
143 140 
Interrupting current 
Improvement 
2% 2% 
The POW controlled switching recommendation in mentioned 
applications can be concluded as: 
 hot withstand dielectric curve gives less interrupting current 
than cold withstand dielectric curve for both ground and non-
grounded capacitor bank switching; and 
 ATPDraw is a tool that can model the measured restrike 
waveforms to check the increasing life of a breaker. 
Usually, current interruptions take place at different current ratings. 
Therefore, in order to estimate the interruption life the lower 
current interruptions are simply extrapolated into full rating 
(Suwanari, 2006) as shown in Tab. 05. 
TABLE 05: Simplified linear extrapolation 
Percentage of rated 
fault current 
Number of 
interruptions 
Equivalent 
interruptions at 
100% fault current 
25%  2  1  
50%  2  0.75  
75%  1  1  
100%  1  0.5  
Total  6  3.25  
N
t
is the number of interruptions at current I
SCi 
 
I
SC(max) 
is rated short-circuit current  
N
allow(max) 
is the allowable number of interruption at I
SC(max)
 
The deterioration of a CB is estimated from the cumulative energy 
dissipated in interrupters by the restriking currents. The method 
proposed by (Suwanari, 2006) to estimate the remaining lifetime of 
a CB is based on interrupting the current magnitude to obtain the 
erosion characteristics. The test data to determine dependencies of 
nozzle and contact mass losses on the interrupting current can be in  
terms of  idt  and .
2dti  Cumulative energy/current dissipated  
in interrupters are indicated for mass loss of nozzle - interrupter 
wear calculations (curves interpretation). 
Mass loss limit=N allowable* Mass loss I breaking                             (3) 
When the allowable number of interruptions at any percentage of 
rated short-circuit current is known, the remaining lifetime can be 
determined using the following equation (Sun, Wang & Qin, 1998): 
Remaining lifetime (%)= 1001
1 (max)(max)
x
IN
INn
i SCallow
SCii










 (4) 
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Therefore, the reduction of the interruption current can increase the 
CB life as supported by Tab. 05. 
The TRV rise-time waveforms, Fig. 04 to 15, are checked to 
comply with breaker rating specified by the requirements of IEEE 
Standard C37.04:1999 and IEEE Standard C37.09:1999 (IEEE SA, 
1999a, 1999b) and Table 5, Clause 4.107.3 of AS 62271.110:2005 
(SAA, 2005), which is applied in systems with a voltage above 
300 kV to check capacitive current magnitude.  Tab. 05 is used to 
estimate the remaining life of a CB. However, power systems are 
often complex and some of the parameters are difficult to 
determine. For this reason there is an uncertainty in how well the 
restrike waveform predictive model resembles reality. In order to 
calibrate the model and have a more accurate parameter estimation, 
site measured waveforms are needed to calibrate restrike waveform 
predictive model. The term ‗model calibration‘ is defined as 
checking the model results against measured data and adjusting 
parameters until the model results fall within an acceptable range 
of value which is close to the real data. Moreover, there are more 
many other components such as transformers and cables that 
require accurate modelling in order to obtain measured restriking 
waveforms close to the simulated restriking waveforms.  That is 
why the simulated results show the applications but not compared 
to any measured results from the literature for discussion. 
5 CONCLUSION 
Stresses of an SF6 CB in terms of overvoltages across CBs, 
interrupted currents and RRRVs are demonstrated in the 
simulations as follows: 
 A restrike waveform predictive model with the power 
network data using ATPDraw can be applied to predict a breaker 
with restrikes; 
 The hot withstand dielectric strength curve has less 
magnitude than the cold withstand dielectric strength curve for 
restrike simulation results to improve computation accuracy; and 
 It is evident that POW controlled switching can reduce the 
interrupted currents and thus increase the life for a SF6 CB. 
Site validation work is recommended so that the CB for 
interrupting a capacitor bank can also be used for interrupting a no-
load transmission line and a no-load cable in power networks. 
In conclusion, the restrike waveform predictive model using 
ATPDraw is proved to be an effective method to make an 
assessment for POW controlled switching at power networks, and a 
complementary for the existing evaluation method based on 
published standards. 
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